2,5 hexadione is produced from cellulose using ZrW in the presence of hydrogen while lactic acid is the main product in helium atmosphere. FTIR and kinetics studies strengthened the proposed mechanism which involves as important elementary steps hydroxyls abstractions and hydride transfers promoted by the Lewis acid sites of ZrW. Moreover the important increase of cellulose conversion in the presence of ZrW in hydrogen atmosphere was explained by the likely formation of additional Bronsted acid sites formed by hydrogen interacting with ZrW which catalyze the protolysis of the glycosidic bonds in cooperation with the pool of hydroxonium ions provided by the self protolysis of water at 190°C.
Introduction:
For environmental and sustainable development concerns, researchers are doing a spectacular efforts in using renewable resources for the production of biofuels and platform chemicals, especially the lignocellulosic one due to its large availability and non-edibility. Cellulose, the main component of the lignocellulose is a biopolymer composed of glucose units linked by β-1,4-glycosidic bonds which constitutes a material of choice since it is seen as a glucose reserve. Intermolecular and intramolecular hydrogen bonds existing in the crystalline network of the cellulose confers to it a high resistance to chemical conversion in conventional solvents [1] . However, it is known that hydrolysis of cellulose into sugars can be catalysed by strong mineral acids such as H 2 SO 4 , HCl and HF. Because mineral acids are inexpensive, this method remains the most often used in research pilot development or in the few processes at industrial scale [2] . This method using liquid acids produces glucose but liquid acids cause corrosion and waste elimination remains problematic. Moreover, if acid hydrolysis conditions are severe (high temperature and/or concentration), a large fraction of sugars are degraded to undesired oligomers and tars. Later, enzymatic catalysis has been introduced with very selective cellulases for glucose production. However, these enzymes remain expensive and have still a rather low activity [2] . Recently, to try to overcome these drawbacks, other methods using heterogeneous catalysis in hydrothermal conditions appeared as an important breakthrough. From the pioneering works of Fukuoka in 2007, we can distinguish three main routes of cellulose transformation based on the nature of the bioproducts derived from glucose: hydrogenation, hydrogenolysis, or dehydration [3] . The first one is based on noble metals such as Ru/C [4] or Pt/Al 2 O 3 [Erreur ! Signet non défini.] and leads to the formation of sorbitol directly from cellulose. The second routes produces shorter polyols in hydrogenolysis conditions, typically using transition metal catalysts and higher temperatures, i.e. ethylene glycol formation over Ni/WC at 245°C [5] . The third one concerns the use of BrØnsted acid catalysts such as sulfonated carbon [6, 7, 8] under milder conditions of temperature to give glucose and its derivatives formed via BrØnsted acid catalized mechanism: 5-HMF and levulinic acid.
Beside these three main ways of cellulose transformation, a fourth one can be considered, using Lewis acids as catalysts to produce lactic acid in aqueous media [9] or lactate in alcoholic media [10] . In a previous study, we have shown that solid Lewis acids, such as tungstated alumina and tungstated zirconia, promote selectively the cellulose depolymerisation in lactic acid in water. We proposed that the solid Lewis acid sites intervene in cooperation with the pool of hydroxonium ions provided by the water selfprotolysis at 190°C to depolymerise selectively a crystalline cellulose in Lactic acid. The Lewis sites are proposed to promote C-C and C-O scissions via coordination of the hydroxyl groups of the soluble polysaccharides with the Lewis centers.
The present paper reports the influence of H 2 /He atmosphere on cellulose conversion using tungstated zirconia as catalyst in hot water (190°C). Indeed, since noble metal free ZrW were previously reported to interact positively with molecular hydrogen in an acidic demanding reaction, alkane isomerisations in gas phase [11] , we wanted to check if such interaction might occur in the aqueous medium and influence the cellulose conversion.
Experimental section:
Tunsgtated zirconia synthesis 150°C for 1 hour in order to remove the physisorbed pyridine species. Then 100 torrs of hydrogen were introduced in the cell at ambient temperature, and the ZrW pellet, previously saturated with pyridine, was treated at increasing temperature in H 2 atmosphere. Finally, hydrogen was vacuum treated at ambient temperature, in order to compare the pyridine spectra before and after hydrogen treatment.
Classical Batch experiments
Untreated microcrystalline cellulose was purchased from Sigma-Aldrich and used as received (degree of polymerisation = 250, crystalline index 70%, particles size 20 nm).
Reactions were performed in a 100 ml Parr Hastelloy autoclave equipped with a Rushton turbide. The autoclave was filled with cellulose (1.6g), catalyst (0.68g) and de-ionized water (65 ml). The autoclave was flushed three times with He at room temperature, and then heated up at 190°C (5°C/min). The pressure was adjusted to 5 MPa with He or H 2 for 24 hours. The reaction was stopped by cooling the autoclave with an ice bath. The pressurized gas was evacuated, the reaction mixture was filtered and the liquid phase and the residual solid were collected.
Kinetic experiments
The Parr Hastelloy autoclave was connected to a 20 ml stainless steel sampling vessel, 
Analytical methods
The liquid phase was analyzed by a HPLC system with an ICE COREGEL 107H column (300mm x 7.8mm, 80°C) and a Refractive Index detector using acidified water as eluent (0.5 mL/min, 0.01% mol H 2 SO 4 ). The liquid phase was also analyzed on a Shimadzu TOC-V SCH Total Organic Carbon (TOC) analyzer (720°C, Pt/Al 2 O 3 catalyst, IR detector).
The solubilisation percentage, also defined as the conversion percentage, was calculated as the ratio of the total mass of carbon in the liquid phase obtained from TOC analysis and the initial mass of carbon in the charged cellulose:
Conv (%) = Solubilisation (%) = 100*(mgC liquid phase /mgC initial cellulose )
The carbon yields of the products detected by HPLC were calculated as the molar ratio of the product i and the initial glucosyl units present in the initial cellulose, corrected by the number of carbon atoms:
Yield i (%)= 100* (nC i /6)*(n i /n glucosyl units ) nC i : number of carbon atoms in the product i n i : number of moles of the product i determined by the HPLC analysis n glucosyl units : initial number of moles of glucosyl units in the cellulose sample = m cellulose /162
The yield of soluble oligosaccharides and polymers (SOP) was deduced from the difference between the conversion and sum of the yields of products analysed by HPLC:
3. Results and discussion
Influence of hydrogen or helium atmosphere on the cellulose conversion over ZrW
The results of cellulose conversion at 190°C for 24 hours under hydrogen or helium atmosphere in the presence or absence of ZrW was summarized in Table 1 These results highlight that hydrogen atmosphere have a remarkable promoting effect on the rate and on the selectivity of cellulose reaction in the presence of tungstated zirconia. Thus, these data strongly suggest that the Lewis acid centres provided by W atoms, which were previously identified as the active centres responsible for lactic acid formation [9] could be also involved in the formation of the 2,5 hexanedione in the presence of molecular hydrogen.
FTIR studies of hydrogen-ZrW Lewis acid sites interactions.
The influence of the hydrogen atmosphere was evaluated by FTIR spectroscopy in gas phase assuming that if a peculiar interaction exist in the gas phase this might hold true in the liquid phase. Thus, we studied the interaction of the Lewis acid centres with molecular hydrogen after saturation of dehydrated ZrW sample with pyridine and subsequent evacuation at 150°C
for 1h to remove the physisorbed pyridine species. Thereafter, hydrogen was introduced in the IR cell and the temperature was increased stepwise to 250°C.
Pyridine adsorption on ZrW resulted in the appearance of bands ( Fig.1-a) This issue remains controversial.
The observed increase of the cellulose conversion under hydrogen atmosphere compared to helium could be correlated, in a simple way, to in situ formation of new BrØnsted sites from hydrogen heterolytic splitting promoted by ZrW. However, if such a phenomenon might intervene and explain the increase of the cellulose conversion, it does not explain the product distribution changes observed on ZrW when helium was replaced by hydrogen.
Kinetic studies: mechanism pathways proposition
The products of cellulose conversion obtained in the previous batch experiments, after 24h of reaction, are the results of successive transformations. Over ZrW catalysts, in neutral atmosphere, lactic acid formation is favoured, while under hydrogen, the selectivity shifts First of all, we can observe that the cellulose conversion is largely improved in the presence of the solid Lewis acid ZrW in the presence of hydrogen as well initially than after 30 hours of reaction ( Fig.2a , S2 ). ZrW used in hydrothermal conditions and under hydrogen leads to an initial rate of cellulose conversion increased by one fourth compared to the blank experiment (Table 2) and to a cellulose conversion of 72% after 30 hours of reaction. To explained this initial enhancement of the initial rate we can propose, based on the previous FTIR studies, that hydrogen contacting ZrW might provide supplementary protonic acidity which might participate, in cooperation with the self protolysis of water, to the cellulose hydrolysis in hot water [17] . In the blank experiment, after 8 hours of reaction, we can observe that the cellulose conversion achieve 40% (S2) and looking to the product yields (S3), no product is formed with a selectivity higher than 6% after 30h of reaction. One can also remark that the sum of the yields of products detected by HPLC represents roughly 50% of the cellulose conversion (S2), indicating than half of the product are soluble oligomers (humins), not detected by HPLC.
The presence of ZrW under helium atmosphere does not increased the cellulose conversion but has improved the selectivity of the transformation since the sum of the yields of products detected by HPLC are equivalent to the cellulose conversion determined by TOC analysis (Fig. 2a) . This indicates that humins formations are suppressed as regards to the blank experiment (S2). Fig. 2b clearly shows that ZrW catalyst has a strong impact on the reaction selectivity: the high selectivity towards lactic acid is observed all along the transformation (Fig. 2b) , the lactic acid yield continuously increases with the reaction time and achieves 20% after 30 h of reaction. Note, that initially the yield in 5-HMF equals that in lactic acid but with the course of the reaction, lactic acid becomes the dominant products, the yields in other products remain below 5% (levulinic, formic,acetic acids, acetol, 5-HMF and pyruvaldehyde).
As previously proposed [9] , it seems that the presence of a solid Lewis acid in the reaction medium limits further transformations of the first oligosaccharides issued from the cellulose depolymerisation in humins, process catalyzed by the pool of hydroxonium ions provided by water self-protolysis. Accordingly, the first soluble species are proposed to be coordinate to the Lewis acid sites at the surface of the catalyst, and could undergo successive transformation steps leading to the selective formation of lactic acid.
It is proposed that solid Lewis acid sites could coordinate hydroxyl function groups, and provide carbocations at the catalyst surface by deshydroxylation. We propose that this is the driving force to convert selectively cellulose in lactic acid in hydrothermal conditions as previously suggested [9] .
According to the above results, the following mechanisms are suggested (Scheme1):
We can propose that a Lewis acid site could coordinate the primary hydroxyl function of a glucose unit at the reductive end of a soluble oligosaccharide chain (Scheme 1, (3)). The protolysis of the glucosidic bond provides a glucose unit coordinated to a superficial Lewis center (4). Then, this could lead to a pull of OH -species, giving a primary carbocation on the C6 carbohydrate (5) and a superficial specie OH -L. This intermediate (5) could be stabilized by intramolecular hydride transfer to give specie (6) (primary to tertiary carbocation). Then a β-scission could produce the 3 carbons intermediates (7a and 7b).
The specie 7a could lead to acetol (8) formation via keto-enolic equilibrium. Attack of the superficial specie OH -L could also produce lactic acid (9) . Furthermore, the specie 7b could undergo a successive chain mechanism giving formation of pyruvaldéhyde (10) or via β-scission and attack of superficial specie OH -L, the formation of formic acid (12) and acetic acid could be explained.
The most efficient catalytic system, not only on the initial rate of cellulose conversion but also on the final cellulose conversion, is ZrW used under hydrogen atmosphere. Indeed, in these conditions, the initial rate of cellulose conversion is increased by one fourth as regards to the blank experiment (Table 2 ) and the final cellulose conversion reached 65% in the batch experiment while, under He, the cellulose conversion is roughly two times lower. As proposed above, this can be explained by the additional formation of Brφnsted sites due to the interaction of hydrogen with the Lewis acid centers but we can not exclude that the coordination of the reductive end of the first soluble oligosaccharide by the Lewis center might shift the cellulose solubilisation equilibrium.
Concerning the evolution of the products with time (Fig.2b) , we can observe high initial selectivities in acetol and in a lesser extent in lactic acid and 2,5-hexanedione, formic acid and pyruvaldehyde. After 30h of reaction, 2,5-hexadione and acetol became the main products.
To rationalize the kinetic data observed for cellulose conversion over ZrW in the presence hydrogen, we propose that fast hydride transfer steps induced by heterolytic cleavage of hydrogen interacting with the Lewis center of ZrW could account for the selectivity changes.
Therefore Scheme 2 proposes a reaction mechanism including hydride transfer steps to explain the formation of acetol and 2,5-hexanedione in the presence of ZrW/H 2 system. As said previously, the first soluble oligosaccharides (1) are generated from cellulose hydrolysis catalyzed by the hydroxonium ions issued from water self-protolysis at 190°C. The glucose unit at the reductive end of the first soluble oligosaccharide (2) could be coordinated via the primary hydroxyl group to the Lewis acid site of ZrW and undergo a chain mechanism as proposed in Scheme 2. The remaining oligosaccharide chain (3b) may undergo a fast hydride transfer step in the presence of ZrW/H 2 system (3b) and then produces a partially dehydroxylated polysaccharide end (4). This specie could undergo further classic protolysis steps and produce partially dehydroxylated C6 species (5).
Lewis acid sites of the solid catalyst could further coordinate specie (5) and remove the primary hydroxyl group to produce a primary carbocation (6) which rapidly give a more stable tertiary carbocation (7) after an intramolecular hydride transfer step. A β-scission of specie 7 could form 2,5-hexanedione (8) after several elementary steps. Further β-scission and hydride transfer steps on specie 7 could give acetol (9).
Conclusions
It is well known that the major barrier of cellulose conversion is its initial depolymerisation,
i.e its resistance to hydrolysis in mild conditions. We have shown here that the system H 2 /ZrW increases by two fold the cellulose depolymerisation in hot water without loss of carbons in humins formation.
The action of solid Lewis acid catalyst on the cellulose transformation is proposed to be centered on the first soluble species generated by cellulose glycosidic bonds cleavage by the hydroxonium ions of aqueous media. BrØnsted solid acid sites was proposed to boost the initial depolymerisation of cellulose while the presence of solid Lewis acid sites might shift the equilibrium via coordination of the first soluble species, which might prevent their evolution towards humins via a classical protonic chain mechanism. The interaction between solid Lewis acid sites and the soluble species led to the selective formation of lactic acid in absence of hydrogen: hydroxyl groups abstraction is proposed to be the driving force.
The addition of hydrogen in the medium has several interesting effects. It permits not only to raise the cellulose conversion but also to change the selectivity of the reaction toward 2,5-hexanedione formation. ZrW/H 2 system is proposed to promote fast hydride transfer steps.
Novel mechanism pathways have been proposed in this study, to highlight the conjugated effect of the aqueous media and the heterogeneous Lewis acid catalysis on the cellulose conversion proposed to catalyze two main elementary steps: hydride transfers and hydroxyls group abstraction.
